Cytotoxins have been implicated in the pathogenesis of bacterial infections. In this study, the influence of different culture conditions was evaluated on cytotoxin production by Serratia marcescens.
Introduction

Serratia marcesccns
is an aerobic Gram-negative bacillus classified as a member of the division Klebsiella-Enterobacter-Serratia, within the family Enterobacteriaceae.
It is primarily a nosocomial pathogen that causes bacteremia (Volkow-Femandez et al., 1976; , cell-bound hemolysin (Ruan and Braun, 1990; , the presence of fimbriae and adherence to uroepithelial cells (Yamamoto et al., 1985; Parment et al., 19921 , and production of four extracellular proteinases (Matsumoto et al., 1984) . Among them, the 56 kDa proteinase has been the most extensively studied because it has been obtained from clinical isolates and is produced in the largest amounts (Maeda and Morihara, 1995) .
Recently, it has been demonstrated that certain nosocomial isolates of Serratia marcescens produce a cytotoxin that was toxic for Vero (African green monkey kidney) cells grown in vitro. Cytotoxic activity was found in culture filtrates of S. marcescens strains grown in Trypticase Soy Broth medium at 37°C for 24 h and resembled the Verocytotoxins from E. coli in terms of cytopathic effect and heatlability. Moreover, this activity was not associated with clinical source, serotypes or plasmid transfer (Carbonell et al., 1996 , submitted for publication).
It has been demonstrated that the production of some cytotoxins can be affected by several factors such as the composition of the growth medium (Gilligan and Robertson, 1979; Haslam et al., 1986; Yamakawa et al., 19941 , conditions of culture such as pH, aeration or incubation temperature (MacLeod and Gyles, 1989; Maurelli et al., 1984; Serafim et al., 19941 , and concentration of iron in the environment (Bjorn et al., 1978; Weinstein et al., 1988) .
In the present study, we investigated the influence of various factors on cytotoxin production by Serratia marcescens. We studied the influence of bacterial growth, different culture media (Trypticase Soy Broth, Brain Heart Infusion, and Davis Minimal Medium), conditions of culture (variation of incubation temperature, starting pH of culture medium, static or shaking culture and anaerobiosis selected carbon sources), addition or limitation of iron in the culture media, and release of cell-bound cytotoxin induced by polymyxin B.
Cytotoxicity was evaluated by microscopic screening for morphological changes and by a quantitative procedure assaying for viable cells. This assay is based on the incorporation of neutral red into the lysosomes of viable cells followed by colorimetric analysis (Borenfreund and Puemer, 1984; Mahony et al., 1989; Repetto and Sanz, 1993) 2. Materials and methods
Bacterial strains
Serratia marcescens strains were supplied by the Laboratory of Microbiology of the University Hospital of the School of Medicine of RibeirZo Preto, University of SZo Paulo, Brazil. These strains were isolated from clinical specimens and were tested for ability to produce cytotoxicity on HeLa cells. Two cytotoxin-producing strains were chosen for this study: the Serratia 1, serotype 019:Hl, isolated from the urinary tract, and Serratia 2 serotype 06, 14:H4, from a surgical wound. The cytotoxigenic E. coli 0157 and non-cytotoxigenic E. coli K12-7 11 were used as controls in cells culture assays. Except when indicated, the bacteria strains were grown in 10 ml of Trypticase Soy Broth (TSB; DIFCO Laboratories, Detroit, MI) at 37°C for 24 h, aerobically in a orbitary shaker at 200 'pm.
Preparation of bacterial filtrates
Sterile filtrates were obtained by centrifugation of the bacterial culture (15 000 tpm for 10 min), and filtration of culture supematants through 0.22 km filter membranes (Millipore Products, Bedford, MA). Filtrates obtained from different experiments were assayed for cytotoxicity on HeLa cells and the cellular viability determined by the neutral red assay.
InfZuence of bacterial growth on cytotoxin production
In order to determine the relationship of bacterial growth and cytotoxic activity of bacterial filtrate, both S. marcescens strains were grown in TSB as described above. Samples of each culture were removed at different time intervals to determine viable bacterial cell counts, absorbance (A,,,), and to prepare filtrates for further use in cytotoxicity assays.
Influence of culture conditions on cytotoxin production
The role played by the incubation temperature on cytotoxin production was investigated by incubating the bacteria at 18", 23", 30", 37", and 40°C. The role of starting pH of the medium was examined by adjusting the TSB medium to pH 5. 5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 9 .0 with 1 mol 1-l HCl or 1 mol 1-l NaOH. The influence of anaerobic culture was tested by growing bacteria under anaerobic conditions produced by hydrogen plus carbon dioxide generator envelopes (Gaspak system) at the culture conditions previously described. The behaviour of bacterial growth under static and shaking conditions was also evaluated.
Influence of cullture medium on cytotoxin production
In order to determine the role of different culture media on cytotoxin production, the bacteria were grown in TSB, Brain Heart Infusion (BHI; DIFCO, Detroit, MI) and Davis Minimal Medium [glucose 1% w/v, K,HPO, 0.7% w/v, KH,PO, 0.3% w/v, sodium citrate 0.05% w/v, MgSO, 0.01% w/v, (NH&SO, 0.1% w/v in distilled water].
Influence of iron leuels present in the growth media on cytotoxin production
The influence of iron levels in culture media on cytotoxin production was tested by growing bacteria in M9 (Na,HPO, 0.6% w/v; KH,PO, 0.3% W/v; NaCl 0.05% w/v; casaminoacids 0.5% w/v in distilled water), with iron limited by 0.3 mmol 1-l of 2,2'dipirydyl or supplemented with FeCl, (1 mmol 1-l or 10 mm01 l-'11.
Effect of selected carbon sources on cytotoxin production
To evaluate the influence of different carbon sources on cytotoxin production, the strains were grown in Davis Minimal Medium (DMM) containing either glucose, galactose, sucrose, inositol or maltose at a final concentration of 0.5% as carbon source.
Polymyxin B assays
The assays were done according to the method of Karmali et al. (1985) . Bacteria were grown at 37"C, on a shaker (150 rpm) in 20 ml of TSB for 4-5 h and then centrifuged at 10000 rpm for 10 min. The pellet was washed twice with phosphate-buffered saline (PBS, pH 7,4) and resuspended in 1 ml of a polymyxin B solution (0.1 mg ml-' >. After incubation at 37°C for 30 min, the suspension was centrifuged at 4000 rpm for 40 min at 4°C and the supematant filtered through 0.22 pm filters (Millipore).
Cytotoxic assays
The cytotoxic assays were performed as described by Konowalchuk et al. (1977) . HeLa cells (Human cervical carcinoma) obtained from the American Type Culture Collection (Rockville, MD) were grown in tissue culture flasks with Eagle's modified essential medium (EMEM) (GIBCO, BRL, Burlington, Ont.) supplemented with 10% fetal calf serum, 0.75 mm01 1-l L-glutamine, 40 p,g gentamicin ml-' and 1 p,g amphotericin B ml-'. Confluent monolayers were detached from the flasks with trypsin-EDTA, resuspended to approximately 4 X lo5 cells ml-' in EMEM and 0.1 ml samples were pipetted into each well of a 96-well Microtiter plate (Falcon 3072, Bencton Dickinson Lab.). After incubation at 37°C in 5% CO, for 72 h, the medium was replaced by 180 ~1 of EMEM and 20 p,l of bacterial filtrate was added to each well. Some wells received only EMEM, TSB or E. coli K12/711 filtrates (non-toxigenie strain) as negative controls and E. coli 0157 filtrates (toxigenic strain) as positive controls. Each sample was tested in triplicate. HeLa monolayer morphology was observed daily for up to 4 days with an inverted microscope for the presence of a cytopathic effect (CPE).
Quantitative calorimetric assay
Cellular viability was quantified by the neutral red cytotoxicity assay (Borenfreund and Puemer, 1984) . Briefly, after the cytotoxic assay (incubation with filtrates for 24-96 h), the media containing the bacterial filtrates were removed and cultures washed with phosphate-buffered saline (pH 7.4). To each well, 0.2 ml EMEM containing 50 pg ml-' neutral red was added and the plate incubated for 3 h at 37°C. The media containing the dye were removed and each well was washed for 2-3 min with formol- calcium (40% formaldehyde, 10% anhydrous calcium chloride) to remove unincorporated neutral red. Finally, 0.2 ml of an acetic acid-ethanol mixture (1.0 ml glacial acetic acid in 100 ml 50% ethanol) was added to each well and the plate was kept for 15 min at room temperature in order to remove the dye from the viable cells. Plates were transferred to a spectrophotometer (Titertek Multiskan model 340) and read with a 540 nm filter. Two wells in the first row received medium without neutral red and served as blanks. Control cultures, 8 wells located at different areas of the plate, received normal medium without test filtrates. The cytotoxicity assay and the quantitative calorimetric assay were carried out on the same cell culture plate.
Results
Determination of cytotoxicity offiltrates
The bacterial filtrates were considered cytotoxic when they induced morphological changes in HeLa cells, such as rounding, detachment and gradual destruction of the cell monolayer (Fig. I>, and when the calorimetric assays showed cellular viability lower than that in control wells standardized as 100% cellular viability.
Bacterial growth and cytotoxin production
The cytotoxicity was enhanced according to the bacterial growth phase. During the logarithmic phase (A540 of 0.2 to 0.61, the cytotoxicity present in the filtrates rapidly increased, and remained at a steady level when the cells entered the stationary phase (Fig. 2) .
Culture conditions and cytotoxin production
Aerobic culture resulted in higher cytotoxic activof the filtrate, when compared to anaerobic cul- 2. Growth of Serratia marcescens and cytotoxin production. Serratia 1 (M) and Serratia 2 (0) were grown in TSB at 37°C under shaking and samples were collected at different times and bacterial growth was determined from the absorbance at 540 nm. Viability of HeLa cells was measured by calorimetric assay compared with control taken as 100% of cellular viability.
Aerobic static Anaerobiosis Shaking
Culture conditions Fig. 3 . Influence of culture conditions on cytotoxin production by Serratia marcescens wa:; studied comparing the cytotoxicity of filtrates of Serratia 1 and Serraria 2 grown in TSB at 37°C for 24 h in static culture, anaerobiosis or shaking.
ture (Fig. 3) . For both strains, incubation of bacterial cultures at 23", 30" and 37°C resulted in higher cytotoxicity (Fig. 4A ) than incubation at 18" or 40°C. Adjustment of the initial pH of TSB to 8.0 or 8.5 resulted in a significant increase of cytotoxicity, compared to pH 7.0, 7.5 and 9.0 (Fig. 4B) . The most significant difference in cytotoxicity of filtrate was detected with bacteria grown under shaking, compared to those grown on static culture. Bacterial growth and production of cytotoxins were increased greatly by shaking (Fig. 3) .
Culture medium and cytotoxin production
No significant differences were observed in cytotoxicity when the bacteria were grown in BHI, TSB or DMM glucose (Fig. 5) . On all the media the strains were markedly cytotoxic and the cytopathic effects were observed as soon as 2 h after inoculation of bacterial filtrate onto the cell monolayers. Although the two S. marcescens strains were able to grow utilizing all carbon sources tested, bacterial growth and cytotoxin production were lower in media containing sucrose, inositol, and maltose. In contrast, when glucose was used as a carbon source, it resulted in increased cytotoxicity and growth compared to those obtained with other carbon sources (Fig. 6) .
Iron media levels and cytotoxin production
The strains grew very poorly under iron-limited conditions produced by the chelator, 2',2-dypiridyl, and no cytotoxicity was detected by microscopic analysis and the calorimetric assay. When the bacteria were grown in iron-supplemented medium (1 or 10 mmol 1-l FeCl,), the growth was exuberant and the filtrates were cytotoxic (Fig. 7) .
Polymyxin B assay
Addition of polymyxin B to release the cytotoxin retained in the periplasmic space did not result in a significant increase in levels of cytotoxicity for either strain. The cytotoxicity of both filtrates was comparable to that of bacteria that did not receive this drug (data not shown).
Discussion
Cytotoxins are often just one of several virulence factors produced by bacterial pathogens (Finlay and Falkow, 19891 , and these toxins may cause tissue damage, facilitating bacteria to penetrate into deeper tissue or pass through the host epithelial barrier, and may also inhibit or avoid the immune response of the host.
Cytotoxin production may be an important factor in the virulence of Serrutia marcescens. The characterization of this cytotoxic activity is necessary for a better understanding of the mechanisms of pathogenicity of these bacteria.
In this study, we evaluated the influence of different culture parameters in order to determine which growth conditions would optimize production of cytotoxins by two S. marcescens strains.
Bacterial growth appeared to be a relevant factor to cytotoxin production by S. marcescens (Fig. 2) . Bacterial growth in static and in anaerobic cultures was poor, and the production of cytotoxin was low. Shaking cultures significantly increased the growth and cytotoxicity of these strains (Fig. 3) .
Incubation temperatures of 23", 30" and 37°C were apparently the most effective for cytotoxin production (with little difference in cytotoxicity) (Fig.  4A) . Studies have demonstrated that the expression of hemolytic activity of S. marcescens was influenced by incubation temperature, and the bacteria grown at 30°C were lo-fold more hemolytic than those grown at 37°C (Poole and Braun, 1988) . Additionally, a decrease in exocellular nuclease has been correlated with a growth temperature of 37°C (Jepsen et al., 1987) . One possibility is that neither hemolysin nor nuclease is involved in this cytotoxic activity, since a limited amount of these enzymes is present at 37°C.
In order to produce Serratiu marcescens cytotoxin optimally, the starting pH of the medium must be approximately 8.0 and 8.5 (Fig. 4B) . The initial pH when adjusted from 8.0 to 8.5 was also suitable for the Shiga-like toxin-II-v from E. coli (MacLeod and Gyles, 1989 ).
The growth media tested in this study are routinely used for the detection of bacterial cytotoxins. Filtrates obtained from three media were highly cyto-toxic (Fig. 51 , and all three are appropriate for cytotoxin production.
Serratia marcescens secretes extracellular proteinases when grown in media containing proteins and very little enzyme is formed in synthetic media containing sugars (Castaneda-Agull6, 19.56; RydCn and Hofsten, 1968) . Therefore, the addition of glucose to a Serratia culture growing in a protein medium has a strong suppressive effect on proteinase formation (Hemlndez-Delgadillo and Ruiz-Cruz, 1994) . In fact, we observed high cytotoxicity present in filtrates from DMM containing glucose, comparable to that obtained ,when the strains were grown in protein medium such as TSB and BHI (Fig. 5) . These results, although not conclusive, suggest that other enzymes may be involved in this cytotoxic activity.
In assays using different carbon sources, it was interesting to note that bacterial growth was poor in media containing maltose or inositol, and very little cytotoxic activity on cells monolayer was detected. In minimal medium with glucose, bacterial growth was exuberant and tlhe cytotoxicity was higher than in bacteria that were cultivated in sucrose or galactose (Fig. 6) .
Treatment with antibiotic poiymyxin B has been used to release periplasmic toxins from Shigella dysenteriae 1 (Donohue-Rolfe and Keusch, 19831, and E. coli (Karmali et al., 1985) . Addition of polymyxin B to S. marcescens culture did not increase the cytotoxicity. It suggests that this cytotoxic activity is predominantly extracellular. Iron is an essential element for bacterial growth. The majority of iron present in the body fluids of mammalian host is attached to iron-binding proteins, and the free iron available to bacteria is extremely small (Litwin and Calderwood, 1993) . Thus, bacterial growth in an iron-limited medium resembles the iron-restricted conditions found in host tissues. Virulence factors regulated by the concentration of iron include diphtheria toxin from Corynebacterium diphtheriae (Tai et al., 1990) , exotoxin A from I? aeruginosa (Frank et al., 19891 , and other virulence factors (Litwin and Calderwood, 1993) . However, MacLeod and Gyles (1989) showed that the expression of Shiga-like toxin-IIv from E. coli is not iron-regulated. Cytotoxin production by S. marcescens was greatly decreased in iron-limited media and was not repressed by addition of iron to the growth media (Fig. 7) . These results suggest that this cytotoxic activity was not iron-regulated.
Thus, it is unnecessary to remove the iron from the culture medium to induce cytotoxin production in assays utilizing Serratia marcescens strains.
In this study we used the neutral red calorimetric assay procedure which facilitates the determination of surviving viable cells upon termination of cytotoxic assays. This procedure is widely used to evaluate cell toxicity (Repetto and Sanz, 1993; Rowe and Welch, 1994) and is rapid, sensitive and easily interpreted.
Although the cytotoxic activity produced by Serratia marcescens has been demonstrated using Vero cell monolayers (Carbonell et al., 1996 , submitted for publication), in this study we used HeLa cells because the cytotoxic effects are observed more rapidly in this cell line.
In summary, the culture conditions that were identified as optimal for cytotoxin production by Serratia marcescens were incubation at temperatures ranging from 30" to 37°C for 24 h, under shaking, and a medium that was initially adjusted to pH 8.5. Therefore, we observed that the critical factors are the incubation temperature, aeration (incubation with shaking) and the starting pH of the culture medium.
One approach used to understand the signals that regulate the expression of virulence factors in vivo has been to observe the effects of specific external environments in vitro (Frank and Storey, 1994) . This work focuses on the Serratia marcescens cytotoxin production in response to different culture conditions and the data reported in this study will certainly contribute to further studies on the identification of this cytotoxic activity.
